Abstract We report on a flapping motion event near the substorm onset on 17 June 2017 using Magnetospheric Multiscale (MMS) mission data. A strong current density with a maximum value of 190 nA/m 2 is observed during the flapping. The north-to-south (south-to-north) crossing of the neutral sheet corresponds to an increase (a decrease) of the Z GSM component of the solar wind V Z, SW . The periods (~8 min) of the flapping and variations of V Z, SW are almost equal. In addition, dV Z, SW /dt and dB X /dt observed by MMS exhibit a strong negative correlation. These observations suggest that the flapping motions are triggered by the solar wind directional change via creating a motion of the current sheet in the north-south direction. The pressure difference between the northern and southern lobes caused by the solar wind is expected to be a possible contribution to the formation of the flapping.
Introduction
Flapping motions are characterized by large kink-like oscillations of the magnetotail current sheet in the north-south direction (Sergeev et al., 2004; Volwerk et al., 2013; Zhang et al., 2002) . Their typical wavelength is~2-4 R E , period is several minutes, and speed is tens to 200 km/s (Sergeev et al., 2004 (Sergeev et al., , 2006 . In addition, flapping motions can simultaneously be observed by satellites with a separation of~5 R E (Zhang et al., 2005) . A recently case study showed that flapping motions with a higher frequency have a faster propagation velocity, a shorter wavelength, and a smaller amplitude . During the flapping, the current sheet is tilted relative to the equatorial plane (Zhang et al., 2002) , and strong field-aligned currents can be found in the center of the tilted current sheet (Rong et al., 2010; Shen et al., 2008) . These field-aligned currents are able to cause Pi2 pulsations on the ground through connection to the ionosphere along the magnetic field line (Sergeev et al., 1998; Wang et al., 2014 Wang et al., , 2017 .
Flapping motions propagate from the tail center toward its flanks, indicating that they are possibly generated by some impulsive sources in the central part of tail (Sergeev et al., 2004) . Two forms of the flapping have been reported that one is steady flapping moving up and down in the north-south direction, and another is kink-like flapping propagating from the midnight to the tail flank (Rong et al., 2015) . The steady flapping tends to be observed around the tail center, while the kink-like flapping tends to occur near the flank . The kink-like flapping is suggested to be induced by the steady flapping near the tail center . Interestingly, such a movement of the current sheet first initiated in the central part of tail (the "leader effect") has also been found by simulation to be caused by the directional change of the solar wind velocity (Sergeev et al., 2008) . The solar wind is a significant external source of dynamic processes in the current sheet (Forsyth et al., 2009; Wang et al., 2016; Xiao et al., 2016) . Simulation results show that even small changes in the Z GSM component of the solar wind velocity (V Z, SW ) can cause a pressure asymmetry between the northern and southern lobes to make the neutral sheet location and shape significantly change (Sergeev et al., 2008) .
Several candidate mechanisms have been proposed to explain the generation of flapping motions, such as the asymmetric ion flow in the Northern and Southern Hemispheres of the tail (Malova et al., 2007) , excitation of the magnetic double gradient instability (Erkaev et al., 2008; Korovinskiy et al., 2013) , nonadiabatic ions (Wei et al., 2015) , instabilities associated with ion temperature anisotropy (Wu et al., 2016) , the enhancement of the solar wind velocity (Shen et al., 2008) , and hemispherically asymmetric magnetopause perturbations (Juusola et al., 2018) .
In this study, we show another potential generation mechanism of the flapping associated with the solar wind directional change by using the Magnetospheric Multiscale (MMS) mission data.
Observation
The MMS spacecraft, launched on 12 March 2015, consist of four identical satellites (Burch et al., 2015) . In the present study, we use the survey (with a resolution of 16 Hz) magnetic field data obtained by the Fluxgate Magnetometer (Russell et al., 2014) , and survey (4.5 s) and burst (150 ms for ions, and 30 ms for electrons) ion and electron data recorded by the Fast Plasma Instrument (Pollock et al., 2016) . Burst plasma data will be specially stated when they are used. The solar wind and AE index data are from OMNI database with 1-min resolution.
The MMS spacecraft are located at [−19.4, −11.1, 3.6 ] R E (in geocentric solar magnetospheric, GSM, coordinates used everywhere in the rest paper if not stated otherwise) at 20:20 UT on 17 June 2017. The temporal variations of B X in Figure 1a show large neutral sheet (B X = 0) oscillations with δB X~3 0-40 nT and a period of~8 min. Such large oscillations of the neutral sheet are regarded as flapping motions (Sergeev et al., 2004) . The neutral sheet crossing from north to south (NS crossing) is accompanied by positive ion velocity in the Z direction (V Z ), while the south-to-north crossing (SN crossing) is accompanied by negative V Z . The propagation velocity of the current sheet along its normal direction can be estimated by timing analysis (Harvey, 1998) using data from all four MMS satellites with an interspacecraft distance of 24-29 km during the flapping. Since the waves with a period of~60 s superimposed on the flapping can affect the result of timing analysis, only the first three neutral sheet crossings are selected to do timing analysis. To reduce the effect of high-frequency waves on timing analysis, the data have been low-pass filtered with a cutoff period of 0.5, 0.5, and 10 s for the three intervals, respectively. Figure 1d is positive and then negative from the first to the second neutral sheet crossings, which is in accordance with the propagation of the corresponding flapping (Sergeev et al., 2004) . For the third crossing, on the other hand, the propagation of the wavy current sheet is from the flank to the tail center, and negative j Z during this neutral sheet crossing is in accordance with this propagation direction.
The solar wind data from OMNI database have already been shifted to the bow shock nose. It takes the solar wind~7 min to move from the bow shock nose (X~13 R E ) to X = −19.4 R E . And the current sheet needs some time to respond when the solar wind discontinuity passes the magnetotail (Sergeev et al., 2008) . Since the change of the neutral sheet is associated with the solar wind directional change (Sergeev et al., 2008) , we perform correlation analysis between dV Z, SW /dt and dB X /dt of the flapping in the interval 20:17-20:34 UT, and the results are shown in Figure 2a . Before doing correlation analysis, the data of V Z, SW have been resampled at 16 Hz and then been filtered with a cutoff period of 2 min as well as the data of B X . The correlation coefficient reaches a minimum value of −0.8 with a time delay~636 s, indicating that there is a strong negative correlation between dV Z, SW /dt and the flapping. Since the resolution of the OMNI data is 1 min, 11 min is selected to shift the solar wind data in Figure 1 . Figure 2b shows that AL index gradually decreases from 19:00 to 20:30 UT, then rapidly decreases to lower than −600 nT, indicating that there is a substorm (Hsu & McPherron, 2007) . The flapping motions in Figure 1 occur around substorm onset. 
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Geophysical Research Letters Figure 3 shows that V Z, SW tends to gradually increase with step-like positive and negative variations between 20:15 and 20:35 UT. It needs some time for the current sheet to respond to the solar wind directional change (Sergeev et al., 2008) . Maximum negative correlation is found between dV Z, SW /dt and dB X /dt at a delay time of 11 min (see Figure 2) . Therefore, V Z, SW in Figure 3 have been shifted by 11 min. Two step-like variations of V Z, SW are marked by intervals 1 and 2. B X varies almost in anti-phase with V Z, SW ; that is, the NS (SN) crossing corresponds to the increase (decrease) of V Z, SW . V Z is positive (negative) during the NS (SN) crossing and is almost 0 when probe reaches outermost during the flapping. In addition, both periods of the flapping and variations of V Z, SW are almost equal. Figure 4 shows the currents during the interval 20:24:05-20:24:10 UT. We use two methods to calculate the current, one is j = qn i V i − qn e V e using data from MMS1, another is curlometer technique (Dunlop et al., 2002) . Before calculating the current, burst ion and electron data have been low-pass filtered at 2 Hz to reduce the high-frequency noise. The currents determined by both methods agree well with each other. The total current tends to be larger when closer to the neutral sheet with a maximum total current density of~190 nA/m 2 and a maximum electron velocity of 
Geophysical Research Letters ~1.9 × 10 3 km/s in Figure 4f . This maximum current density is much larger than the value of several to 40 nA/m 2 reported by previous studies Shen et al., 2008; Vasko et al., 2014) . One possible explanation is that the current sheet might be tilted severely during this flapping (Shen et al., 2008; Vasko et al., 2014) . The current j = qn i V i − qn e V e is almost the same as j = −qn e V e during this interval (not shown in this study), indicating that electrons are the mainly current carrier. A strong field-aligned current occurs around 20:24:07 UT accompanied by a significant decrease of the perpendicular current, while no significant changes occur in the total current, indicating that the current rotates near the neutral sheet.
Discussion
Flapping motions can be generated by external sources (Shen et al., 2008) as well as internal sources (Malova et al., 2007; Wei et al., 2015) . Recently, simulation results show that subsolar magnetopause reconnections can create hemispherically asymmetric magnetopause perturbations, which initiate flapping motions (Juusola et al., 2018) . Magnetosonic waves are expected to be launched within the local tail, which can be regarded as a cavity, and their travel time within the cavity determines the period of the flapping (Juusola et al., 2018) . As a comparison, the periods of the flapping in Figure 3 are almost the same with the variations of V Z, SW , indicating that another mechanism could contribute to the generation of this flapping.
The magnetotail is expected to be parallel to the solar wind flow; hence, the solar wind directional change can cause the magnetotail to move (see Sergeev et al., 2008) . The difference of the total pressure (the magnetic and plasma thermal pressures) between the northern and southern lobes can be built up when the solar wind directional discontinuity passes the magnetotail (Sergeev et al., 2008; Vörös et al., 2014) . The increase of V Z, SW results in the total pressure in the south lobe larger than that in the north lobe (Sergeev et al., 2008) , which provides a force to make the current sheet move toward northward; that is, the spacecraft situated in the current sheet would observe more southward relative to the neutral sheet. Thus, dV Z, SW /dt and dB X /dt observed by the satellite in the current sheet are expected to exhibit a negative correlation as shown in Figure 2a . Variations of V Z, SW can quasiperiodically change the pressure difference between the northern and southern lobes (Sergeev et al., 2008) . We find that both the flapping and V Z, SW in Figure 3 have almost the same periods. These results suggest that variations of V Z, SW are able to trigger the flapping with the same period via causing the total pressure difference between the northern and southern lobes as shown in Figure 5 .
Simulation results found that the neutral sheet response as well as the pressure difference starts first in the tail center rather than its flanks when the solar wind discontinuity passes the magnetotail (Sergeev et al., 2008) . The fast propagation of perturbations in the magnetotail could explain this leader effect (Sergeev et al., 2008) . Therefore, oscillations of the pressure difference can force the current sheet to move up and down as the steady flapping reported by Rong et al. (2015) . Since the current sheet near the flank responses after the center part (Sergeev et al., 2008) , the flapping after being generated in the tail center is expected to propagate to the flank as shown in Figure 5b . Indeed, timing analysis also shows that the flapping between 20:15 and 20:25 UT in Figure 1 propagates from center to the flank.
Interestingly, the flapping between 20:25 and 20:30 UT propagates from the tail flank to its center, which is not in agreement with typical propagation of the flapping (Sergeev et al., 2004) . During this flapping, a strong j Y with a maximum value of~40 nA/m 2 occurs when there is a solar wind enhancement of V Y, SW as shown in Figure 1 at 20:31 UT, which passes the magnetotail at X = −19.3 R E . We speculate that the unusual propagation of the flapping between 20:25 and 20:30 UT could be associated with the enhancement of V Y, SW , which needs further study in the future. Variations of V Z, SW cause quasiperiodic fluctuations of the total pressure difference ΔP T between the northern and southern lobes. The tail center current sheet first responds to ΔP T compared to the current sheet near the magnetotail flank, which is called as "leader effect" by Sergeev et al. (2008) . ΔP T provides a force to generate a flapping propagating from the tail center to its flanks.
Summary
We study a flapping event observed by MMS satellites during the substorm onset on 17 June 2017. The flapping motions correspond one-to-one to the variations of V Z, SW . The Z GSM component of the ion velocity changes from positive to negative when the solar wind with a step-like positive and negative variations of V Z, SW passes the magnetotail. In addition, dV Z,SW /dt and dB X /dt show a strong negative correlation. These observations suggest that variations in the solar wind direction can trigger flapping motions. A strong field current with a maximum value~190 nA/m 2 is observed during the flapping, and the main current carrier is the electron. The current rotates from its perpendicular to the parallel components when closer to the center of the current sheet.
